We report the internal quantum efficiency (IQE) and external quantum efficiency (EQE) of m-plane InGaN-based LEDs and c-plane LEDs emitting at 400 nm. According to excitation density dependent photoluminescence (PL) measurements, the IQE values for the m-plane LEDs are approximately 70% higher than that for c-plane reference LEDs with the same structure (multiple-quantum well active region with 3nm In 0.01 Ga 0.99 N barriers) and similar emission wavelength (400nm) albeit on sapphire substrate. Electroluminescence (EL) measurements reveal that the external quantum efficiency (EQE) from both LEDs shows negligible droop under electrical injection due to the employment of thin In 0.01 Ga 0.99 N barriers, i.e. coupled quantum wells, in the active regions. However, with increasing current, the EL intensity of the m-plane LEDs increases more rapidly than that of the c-plane LEDs, with the EL intensity reaching its peak value at ~240 Acm -2 for the m-plane LEDs and ~420 Acm -2 for the c-plane LEDs. Consistent with the IQE values obtained from the PL measurements, the m-plane LEDs exhibit ~ 60% higher EQE values than the c-plane counterparts. It is also worth to mention that increasing the emission wavelength (from 400 nm to 435 nm) for the m-plane LEDs does not affect the efficiency retention at high injection levels.
INTRODUCTION
Nitride based LEDs have been a prime contender for indoor and outdoor lighting and displays due to the energyefficiency. Generally, LEDs employed InGaN based materials as active layers and were grown on c-plane GaN layers on sapphire. However, in the c-oriented films, the internal spontaneous and strain-induced piezoelectric polarizations induce a strong electric field, which in turn enhances the oscillator strength of electron-hole pairs and leads to spatial separation of electron and hole wavefunctions in c-plane quantum wells (QWs), thereby reducing the quantum efficiency, particularly at low injection levels. [1] [2] In addition, under high carrier injection conditions, the net polarization in c-oriented QWs could cause an effective wavelength blue shift. By growing on non-polar GaN, namely m-plane [3, 4, 5] or a-plane, [6, 7, 8, 9 ] those problems could be circumvented. In particular, m-plane GaN has great potential in optoelectronic applications in that it provides vanishing polarization and is predicted to have a lower valence band density of states, reduced valence band effective mass, and thus smaller acceptor binding energy, and larger interband dipole matrix elements and quantum efficiency compared to its c-plane counterpart. [10] Furthermore, polarization field has been reported to aid in carrier spillover, [11] although it has been proved it is actually not a dominant factor. [12] More importantly, the abovementioned reduced hole effective mass would help to obtain higher hole concentrations and hole mobility, [13, 14] thereby increasing radiative recombination rate and at the meanwhile light holes can better equally distribute themselves throughout the active regions. In the present work, we demonstrate the IQE and EQE comparison between an m-plane LED on freestanding (or bulk) m-plane GaN and c-plane LED on GaN template on sapphire. We also demonstrated that the m-plane LED with longer emission wavelength (435 nm) also shows nearly full retention of efficiency at high current density. Three m-plane LED structures with peak emission wavelengths ~400 nm, ~435 nm and ~485 nm were grown on m-plane bulk GaN substrates, while the emission wavelength for the c-plane LED wafer produced on a GaN/sapphire template was ~400 nm. It should be noted that the radiative recombination efficiency is maximum for an In content corresponding to an emission at about 405-410 nm, [15] which means that wavelength not being the same in all layers would not favor the m-plane varieties with longer wavelength. The c-plane GaN template on sapphire used for c-plane LED growth has a threading dislocation density of ~ 2×10 8 cm -2 and was grown with in situ SiN x nanonetwork. [16] The m-plane freestanding GaN substrates, which have a threading dislocation density of <5×10 6 cm -2 , were provided by KYMA Technologies. They are 500 μm-thick and are off-cut by 0.2° towards the GaN a-axis and 0.3° towards the GaN c-axis. For all the LEDs, after mesa (250 μm diameter) etching, Ti/Al/Ni/Au (30/100/40/50 nm) metallization annealed at 800 ºC for 60 seconds was used for n-type ohmic contacts and 5 nm/5 nm Ni/Au contacts were used for the semi-transparent p-contacts. Finally, 40/50 nm Ni/Au contact pads were deposited on the top of part of the mesa to serve as bonding pad. Figure 1 shows the 300 K IQE values for an m-plane LED with 400 nm emission wavelength and a reference cplane LED sample obtained from resonant photoluminescence (PL) measurements using both the excitation powerdependence [17] and the temperature dependence [18] methods. The excitation laser source was a frequency-doubled 80 MHz repetition rate femtosecond Ti:Sapphire laser tuned to 370 nm, below the bandgap of the quantum barriers and the top GaN. As such, the photo-excited electron-hole pairs can only be generated within the quantum wells, thereby avoiding optical carrier generation in the barriers and also carrier injection effect which has been observed to cause efficiency droop in the electroluminescence (EL). [11, 19] As evident from Figure 1 , at the same induced carrier concentrations, the IQE values of the m-plane LED are ~70% higher than its c-plane counterpart (42 % and 25 %, respectively, at a carrier concentration of 2.2 × 10 17 cm -3 . The IQE values for the m-plane LED were also determined from temperature-dependent PL measurements at several photo-induced carrier densities, where the IQE at 10 K was assumed to be 100%. [18] The IQE values extracted from this method are identical to those obtained from the above-mentioned power-dependent method, providing additional confidence in the determined IQE values. After device fabrication, on-wafer pulse EL measurements (0.1 % duty cycle, 1 kHz) were carried out on the LED samples without any special treatment to enhance the light extraction. Since the experimental setup and the light collection geometry were fixed, it is reasonable to assume that the extraction efficiency of the LEDs is the same from sample to sample during measurements. The relative EQE values of the four LEDs are shown in Figure 3 . Both the 400 nm emission wavelength m-plane LED and the reference c-plane LED show a negligible amount of efficiency droop up to the maximum current density employed (2500 Acm -2 ). This suggests that using thin InGaN barriers (3nm), and therefore, coupled QWs, both hole transport and the uniformity of its distribution could be enhanced within the active region, which could reduce the carrier spill over (or overflow) and thereby reduce the efficiency droop. [23] Moreover, with increasing current, the EL intensity of the 400nm emission wavelength mplane LED increases more rapidly than that of the c-plane LED, with the intensity reaching its peak value at ~240 Acm -2 for the m-plane LEDs and ~420 Acm -2 for the c-plane LED. Since the well and barrier thicknesses were kept the same for both LEDs, this steep rise in the m-plane is most likely due to the elimination of polarization field, and thereby, enhanced electron-hole wavefunction overlap inside the active regions especially under low electrical injection. Furthermore, the EQE (or the EL intensity due to the same efficiency of light extraction) of the m-plane LED with 400 nm emission wavelength is ~60% higher than its c-plane counterpart, which is consistent with the 70% higher IQE for the m-plane LED obtained from the PL measurements. It is worth to mention that when the emission wavelength of the m-plane LEDs is increased from ~ 400 nm to 435 nm the EQE was reduced whereas the efficiency droop was still negligible. On the other hand, the LED with 485 nm emission wavelength shows much more severe efficiency droop compared with the two LEDs with shorter emission wavelength, which might be due to the inferior InGaN (Indium-rich at longer emission wavelength) material quality. Relative EQE (a.u) In conclusion, m-plane LEDs on bulk m-plane GaN substrates exhibit 70% higher IQE values than c-plane reference LEDs with a same structure but grown on GaN/sapphire templates and emitting at the same wavelength (400 nm) as determined from excitation density dependent and temperature dependent resonant PL measurements. Under electrical injection, both m-plane and c-plane LEDs show almost full retention of the EQE at current densities up to 2400 Acm -2 due to the use of coupled QWs separated by thin InGaN barriers (3nm) within the active region. Moreover, with increasing current injection, the EL intensity of the m-plane LEDs rises more rapidly than that from the c-plane LED at low injection levels, most likely due to enhanced overlap of the electron-hole wavefunctions with the elimination of polarization field. The EQE values of the 400 nm emission wavelength m-plane LEDs are ~60% higher than their c-plane counterparts, which is consistent with the 70 % improvement in the IQE. The observations could be attributed to the lack of polarization induced field and the predicted increased optical matrix elements in m-plane orientation. Moreover, for m-plane LEDs with higher emission wavelengths of 435 nm and 485nm, the polarization ratio of the EL was observed to increase (60% and 80%, respectively). And the EQE for the LED with 435 nm emission wavelength also nearly fully retained at high current injection, whereas the maximum EQE was decreased due to inferior material quality, when compared to m-plane LEDs emitting at relatively shorter wavelengths (400nm).
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